One sentence summary: The author reviews the outstanding progress made in understanding of genomes and methods for their analysis from the first genetic map of Saccharomyces cerevisiae to today's yeast genomics.
INTRODUCTION
Brussels, 24 April 1996. The complete genomic sequence of a haploid laboratory strain of the yeast Saccharomyces cerevisiae had just been determined and this was announced to the international press by the European commission, the initiator of the project. I attended the event as one of the many scientistsover 600 from different parts of the world-who had contributed to this monumental task. It was truly a masterpiece, comparable in several aspects with the Eiffel tower in Paris: ahead of its time, disturbing commonly held beliefs, and definitely unique, even if rapidly followed by a new generation of builders that it largely contributed to inspire. For yeast, the great architect was André Goffeau (Goffeau 2004) . Except perhaps for specialists, it was not so much how the result was obtained that matteredtechniques are prone to evolve-but simply that the result was there. Saccharomyces cerevisiae, with its 13.3 Mb nuclear genome, was the first eukaryote ever sequenced. The sequencing came only a few months after two bacterial genomes, many times smaller, were sequenced by an entirely different strategy (Fleischmann et al. 1995; Fraser et al. 1995) . In this misty morning of the Belgian spring, eukaryotic genomics was born, at least in its dimension of deciphering the full genetic make-up of free-living organisms.
At this press conference, however, we immediately recognized how difficult it was to convey the message to the public. One could not escape the unavoidable question: 'What did you discover?' Retrospectively, the only valid answer would have been that laying the basis for future discoveries is even more important than making a discovery. For this is exactly what the genome sequence of S. cerevisiae was about. However, the satisfaction of having achieved something great, beyond our imagination only a few years before, probably obscured our answers. I remember that rather conventional discussions followed about the similarity of yeast genes to human genes (mostly unknown at the time!), about the significance for biotechnology industries (mostly unable to exploit the data at the time!) and about the necessity to determine rapidly the exact function of each and every gene discovered from the sequence, a rather naive conception of the nature and evolution of the genetic material in living organisms.
The sequencing project had started 7 years before. The first chromosome sequence had been published in 1992 (Oliver et al. 1992) . It was only 0.3 Mb long-but there was nothing larger at the time-and it was not before 1994 that the sequences of three additional yeast chromosomes were published (Dujon et al. 1994; Feldmann et al. 1994; Johnston et al. 1994) . Altogether, they totalled less than a fifth of the S. cerevisiae genome. Yet, major scientific journals were eager to publish articles detailing the DNA sequence of a single yeast chromosome, and three others were subsequently published during the next 2 years (Bussey et al. 1995; Murakami et al. 1995; Galibert et al. 1996) . The remaining nine chromosomes, i.e. 70% of the total, were grouped into a supplementary issue of Nature entitled 'The Yeast Genome Directory' (Goffeau et al. 1997) , unfortunately not simply available today in electronic format.
Two decades have now passed. The original report of the yeast genome sequence (Goffeau et al. 1996) has been cited >2000 times amongst a total of ∼72 000 scientific articles devoted at least in part to S. cerevisiae published subsequently, twice the number of all previous decades. Today, anybody can sequence a novel yeast genome in a short time and with a limited budget. Hundreds of genome sequences have been published in the scientific literature, and even more are lying in public databases or in laboratories in various degrees of completion (for a recent review, see Dujon 2015) . With the most powerful DNA sequencing equipment, several yeast genomes can be simultaneously sequenced in a few days using multiplexing, and the novel long-read techniques open the way to fully automated genome assembly. Yeast genomics has reached maturity. Mutants, population structures and mechanisms operating on short-term evolutionary ranges are now routinely studied by re-sequencing many isolates in selected species (Liti et al. 2009; Bergstrom et al. 2014; Friedrich et al. 2015; Strope et al. 2015) . Beyond the present sample of sequenced species, the project of sequencing all presently described yeast species (Kurtzman, Fell and Boekhout 2011 ) is gaining momentum. The present data on yeast genomes established important novel notions about their organization and evolution, at the same time as they clarified the origin and diversity of these unicellular fungi and formed the bases for future explorations. A brief historical recollection may be helpful to anchor them in their appropriate epistemic context before indulging in their discussion.
THE FACTORIAL MAP OF THE S. CEREVISIAE GENOME
The baker's yeast S. cerevisiae, the major player of domesticated alcoholic fermentations for centuries, entered the field of Genetics late in the mid 20th century, long after Drosophila melanogaster, Neurospora crassa and, of course, plants, and its chromosomal content, hardly visible by microscopy, had long remained totally unknown. In 1946, S. cerevisiae was described to have six pairs of chromosomes (Srinath 1946) , instead of the two bodies described the year before in mitotic nuclei that were probably centrioles mistaken for chromosomes (Subramaniam and Ranganathan 1945) . The first map of S. cerevisiae chromosomes was published in 1959 (Lindegren et al. 1959) . It exhibited nine chromosome arms, of which only two had more than one marker, plus a fragment with two markers. The arms were associated with points regarded as centromeres despite their bizarre common preferential segregation to the same meiotic pole for some of them! These maps were subsequently extended to 11 and 12 chromosomes Lindegren 1963, 1964) .
The original identification of centromeres in S. cerevisiae chromosomes was not a trivial issue because, in contrast to N. crassa and other filamentous fungi, its unordered tetrads do not permit the distinction between the first and second meiotic divisions. The problem was solved by the recognition of a genetic marker tightly linked to one centromere during examination of the rare linear four-spored asci formed under special conditions (Hawthorne 1955) . With this labeled centromere, analysis of normal tetrads became possible, with distances of other markers to their own centromeres now properly expressed in centimorgans (cM), and a first genetic map of 25 genes on 10 chromosomes was obtained (Hawthorne and Mortimer 1960) . Using the same principles, the quantitative analysis of the meiotic segregations of 80, and then 95 genetic markers in numerous tetrads defined 14 (Mortimer and Hawthorne 1966) , and then 16 chromosomes (Hawthorne and Mortimer 1968) . However, six centromere-less fragments remained, leaving the total number of actual chromosomes uncertain for long time. With ∼150 genes, a first comprehensive map of 16 chromosomes was obtained (Mortimer and Hawthorne 1973) . However, one marker apparently identified a 17th centromere and, by 1980, the question was even raised of the possible existence of an 18th chromosome (Mortimer and Schild 1980) . In addition, centromere-less fragments persisted. In the mid 1980s, the map included 568 genes (Mortimer and Schild 1985) and by the end of the decade 769 genes (Mortimer et al. 1989) .
By this time, however, the yeast genome sequencing program had already begun (Dujon 1992; Vassarotti et al. 1995) , and the very last edition of this historical series of genetic mapping articles, including a thousand genes, could start discussing the relationship between the genetic distances, calculated in cM, and the physical distances in kilobases (kb) of DNA (Mortimer, Contopoulou and King 1992) . Retrospectively, however, it was not solely Genetics that eventually identified the exact number of chromosomes in S. cerevisiae, but its association with a new electrophoretic method developed in the mid 1980s to separate intact chromosomal DNA molecules (Schwartz and Cantor 1984; Carle and Olson 1985) . Similarly, it was not solely Genetics that eventually identified the number of genes in S. cerevisiae, but its association with the full genome sequence. Nevertheless, yeast offered us the privilege of verifying the general agreement over an entire genome between the genetic map-a consensus of many strains built without any knowledge of their potential diversity-and the physical map of a single strain independently built for the sequencing project (see below). Genetically defined genes were located on appropriate chromosomes, except for a few, and in the right order, except for a few inversions, a most remarkable result in itself. The fact that genetic distances were not linearly proportional to physical distances anticipated the future. Today, meiotic crossovers, non-crossovers and gene conversion stretches have been mapped over the entire S. cerevisiae genome using single nucleotide polymorphisms between parental strains as markers, thus offering us unprecedented resolution and comprehensiveness (Mancera et al. 2008; Qi et al. 2009; Martini et al. 2011) , and a complete map of factors initiating yeast meiotic recombination is available (Pan et al. 2011) .
A PHYSICAL MAP-BASED SEQUENCE
Genetics was so important that, when the sequencing program started with chromosome III as a feasibility test back in 1989, almost everything had been carefully planned ahead . . . except DNA! Very few laboratories had molecular libraries of yeast genomic DNA at this time; and even fewer had mapped ones. Carol Newlon had an ordered set of recombinant plasmids from a circular version of chromosome III (joined by homologous recombination between HML and MAT, hence lacking the left subtelomeric part of the chromosome and half of its right arm (Newlon et al. 1991) ). Maynard Olson had a partially ordered library of genome fragments, cloned into a lambda vector, from another laboratory strain, S288c (Olson et al. 1986 ). Both were kind enough to offer this material for the sequencing of chromosome III (Oliver et al. 1992) . However, the mapping of these collections of clones was not precise enough to eliminate entirely unnecessary duplication of the sequencing efforts, and a few gaps had to be filled with other clones from yet more yeast strains.
This experience prompted us to engage in large-scale cloning and physical mapping prior to sequencing other chromosomes. Horst Feldmann had an ordered cosmid library of chromosome II in which he had scientific interest, but it was from yet another strain and it had been decided to continue the sequencing of S. cerevisiae on a single haploid laboratory strain, S288c. In 1990, I had volunteered to work on chromosome XI, not because it was hiding some secret gene of special importance-as some people suspected-but simply because it is the easiest to purify by pulsed field gradient gel electrophoresis (PFGE). This is how both Feldmann and myself independently constructed genomic libraries from S288c or its direct homozygous diploid derivative FY1679 (because I could not imagine working with a genetically unmarked haploid strain in a species that is naturally diploid). We chose cosmid vectors, as this technology allowed the cloning of the largest possible fragments at that time (Stuka and Feldmann 1994) . Bacterial artificial chromosome (BAC) clones arrived later, and yeast artificial chromosome (YAC) clones did not make sense to clone yeast DNA. The size of cosmid inserts was appropriate both for sequencing (vector DNA is short relative to inserts) and for constructing the high-resolution physical maps required to optimize sequencing efforts. This affirmation may sound awkward today, given present sequencing technologies and computing power, but we were in the times of cloning and restriction mapping of DNA, and sequencing itself was time-consuming and costly. Assembling a chromosome sequence from cloned fragments required a map with a sufficient resolution to minimize unnecessary overlaps. Over the years, imaginative mapping methods had been developed for short DNA fragments, including fingerprinting, partial digest of end-labeled restriction fragments and indirect labeling of partial digests, but general methods to build physical maps of entire chromosomes were only undergoing early experimentation. Linking jumping libraries had been envisaged, and the first rare cutter bacterial class II endonucleases had been purified, but this was not sufficient. Compared with the huge human chromosomes whose maps were eagerly awaited for the human genome sequencing program, the tiny chromosomes of yeast looked enviable. However, even in that case, no simple solution existed. The physical map of the six smallest yeast chromosomes using lambda inserts of ∼15 kb required a tremendous amount of work and could only be completed with the help of the larger cosmid inserts (Riles et al. 1993) .
As I had discovered I-Sce I from my previous work on group I mitochondrial introns (for a historical review, see Dujon et al. 2005a) , I anticipated a novel possibility to map yeast chromosomes that I could apply to the genome sequencing program (Thierry and Dujon 1992) . I-Sce I was the first intron-homing endonuclease discovered (Colleaux et al. 1986 ). Compared with class II bacterial endonucleases, even the most specific ones, it has a much larger recognition sequence, covering 18 nucleotides with limited internal degeneracy (Colleaux et al. 1988 ). This conferred on it much greater sequence recognition specificity such that it was possible to imagine the cleavage at only one site in the entire yeast genome, or even in an entire mammalian genome. Using this enzyme as a physical mapping method for the yeast genome was laborious in the beginning because artificial I-Sce I sites had first to be randomly inserted along chromosomes. However, then a collection of transgenic yeast strains became available for subsequent mapping of any new cosmid library. In vitro digestions of total DNA from transgenic constructs generated nested sets of chromosome fragments usable as probes. With this method, combined with restriction mapping and fingerprinting of cosmid clones, high-resolution maps of several yeast chromosomes were obtained (Huang et al. 1994; Thierry et al. 1995; Tettelin et al. 1998 ), allowing precise definition of the minimal tilling paths for sequencing. Not all chromosomes were mapped using this method; other laboratories used the laborintensive restriction mapping of recombinant clones. Nevertheless, eventually the entire sequence of the yeast genome was anchored on high-resolution physical maps that were hallmarks for the early years of genomics.
Reaching the telomeres was another big challenge because clones produced from random fragmentation of DNA rarely include the TG 1-3 repeats and because, as we know today, subtelomeric regions of different chromosomes tend to be identical over variable lengths of sequences owing to their genetic interactions and to the presence of Y elements. Indeed, very few genome sequencing projects address this technically difficult question, even today. For the original S. cerevisiae genome project, however, telomeres were individually cloned using another imaginative technology of genome engineering (Louis and Borts 1995) . In brief, telomeres were first marked by integration of a URA3-containing vector within their natural TG 1-3 repeats and, after their identification using PFGE and restriction mapping, each marked telomere was directly cloned into Escherichia coli by restriction enzyme cleavage of total DNA from transgenic constructs followed by re-circularization of fragments. Only the fragments containing the E. coli vector, hence the telomere, could replicate in E. coli. Today, whole-genome shotgun sequencing has obviously alleviated the need for DNA fragment cloning and precise physical maps. However, sequence repeats such as telomeres are rarely resolved in eukaryotic genome sequences, even for new yeast genomes.
A GENE PRODUCT-ORIENTED VIEW OF THE YEAST GENOME
Sequences of S. cerevisiae were immediately interpreted in terms of gene content as soon as chromosomes were completed; and even before, because, at that time, chromosomal fragments were also published individually! Actually, attention was essentially focused on protein-coding genes, originally identified as long open reading frames (ORFs). Retrospectively, one should remember that this has been possible only because the genome of S. cerevisiae is highly compact-over 70% coding-and possesses a limited number of spliceosomal introns, two very non-typical characteristics for a eukaryote. Little attention was paid to genes for non-coding RNA-except tRNA whose detection was already automated-or to the global architecture of the genome. Mobile elements, centromeres or telomeres were only detected thanks to the abundant pre-existing literature on these elements. Overlapping genes, pseudogenes and protogenes (see below) were ignored. In brief, the genome of S. cerevisiae was essentially regarded as a mere collection of protein-coding genes whose individual functions were considered the most important aspect to study.
Two major surprises should have interfered with this oversimplified conception. They were the first clues to the fact that genomes are not evolutionarily optimized structures following an engineering logic but only temporal intermediates of a perpetual dynamics. First, a sizeable proportion of the sequence-predicted proteins showed no homology in the existing databases, suggesting that, if the predictions were not erroneous, they were the products of orphan genes whose nature and origin remained a mystery (Dujon 1996) . Part of the large number of initial orphans was due to the limited content of the databases at this time, but even with today's data a significant number of actual orphan genes remain in each genome, specific to S. cerevisiae or to any other species studied. They are the witnesses to the intense evolutionary dynamics that genomes undergo, prone to create novel genes at a relatively high rate, a general notion that yeast genomics helped to establish (see below). Secondly, a sizeable proportion of the sequence-predicted proteins showed one or several paralogs in the S. cerevisiae proteome itself, with variable degrees of sequence divergence between the copies. In other words, the genome of S. cerevisiae looked at least partly redundant, raising many questions. Although some duplicated genes had been described before, the magnititude of the phenomenon seemed to contradict the basic Darwinian idea that two copies of a gene cannot co-exist for a long time in a genome if they maintain the same function. As we know today, however, natural genomes are never minimal (see below), another key notion that yeasts helped to establish.
In this general context, it is not surprising that S. cerevisiae played such an important role in the early developments of functional genomics. The systematic deletion of the sequencepredicted protein-coding genes (CDS) started even before the genome sequence was completed (Rieger et al. 1997 ) and, after a complicated route with multiple initiatives, it resulted in a comprehensive collection of >21 000 deletion mutants with double molecular barcodes (for history and a recent review, see Giaever and Nislow 2014) . In parallel, other mutants were constructed by an original transposon-tagging approach (Ross-Macdonald et al. 1999) . In addition, several molecular libraries of yeast CDS were constructed with various tags to facilitate macromolecular complex purification (Krogan et al. 2006 ), protein-protein interaction studies (Ito et al. 2001) or intracellular protein localization studies (Ghaemmaghami et al. 2003) . The yeast genome was also instrumental in experimenting on the first DNA microarrays, allowing gene expression studies on a genomic scale (DeRisi, Iyer and Brown 1997), a technology that subsequently evolved for multiple applications. The original idea was to identify functionally related genes from cluster analysis of their expression profiles in a variety of conditions, a method subsequently applied to other eukaryotic organisms.
The gene deletion collections were used for many functional screens, and were at the origin of the synthetic genetic assay (Tong et al. 2001) in which each gene deletion is serially combined with all others to look for synthetic phenotypes expressed only in double mutants. Applied at a large scale, this assay built a complex map of interactions between yeast genes (Costanzo et al. 2010) . Combined together, these data made S. cerevisiae arguably the best-described eukaryote at present in terms of gene functions (Balakrishnan et al. 2012) . Perhaps the greatest discovery of the systematic deletions has been the fact that only ∼18% of the ∼5900 S. cerevisiae CDS were essential for life when cells were grown in rich medium (Winzeler et al. 1999; Giaever et al. 2002) . Initially, this was received as a third major surprise. Most geneticists would not have predicted that the vast majority of genes in a genome were non-essential. The presence of paralogs was obviously invoked, but it rapidly became clear that they only played a marginal role in the phenomenon. Many singletons were non-essential. When enlarging the number of conditions tested, some deletions, as expected, were found to affect fitness, offering an entry point to gene function. However, others do not, raising the interesting idea that genomes carry more genes than required by necessity (see below). In addition, fitness defects in specific condition(s) are not always easily interpretable. More than half of the genes required for growth on minimal media, for example, cannot be directly assigned to any of the previously described metabolic pathways.
Deletion collections obviously have caveats to bear in mind. Some can easily be addressed, such as segmental duplications, aneuploidy or secondary mutations, but others are more fundamental. Among them is the neighboring gene effect, i.e. the functional perturbation caused by a deletion on the adjacent gene, a situation estimated to occur in ∼10% of the cases in the yeast gene deletion collections (Ben-Shitrit et al. 2012) . Functional interference between neighboring genes may also occur, the simultaneous deletion of a group of genes producing a phenotype not predicted by the individual deletions of each gene. Instead of a succession of independent genes along chromosomes, the yeast genome is an integrated structure in which many elements remain to be better understood. Its pervasive transcription on both DNA strands (Xu et al. 2009; Jensen, Jacquier and Libri 2013) , like in other eukaryotes, probably accounts for an important part of this integration. A multitude of different RNA molecules with various half-lives are produced (Pelechano, Wei and Steimetz 2013) whose interactions may have phenotypic consequences which are difficult to predict as yet. It is not surprising, therefore, that little correlation was initially found for a given condition between genes identified from the deletion collection and those identified from their transcriptional regulation (Giaever et al. 2002) .
ON THE TRACES OF ORIGINS: GENOME DUPLICATION AND GENE LOSS
The first attempt to reinstate the S. cerevisiae genome in its evolutionary perspective was the hypothesis of whole-genome duplication (Wolfe and Schields 1997) . The idea itself was not novel. Susumu Ohno had proposed the concept long before for the vertebrate lineage-based, however, on tenuous evidence (Ohno 1970) . For yeast, two fossil duplications of chromosomal segments had also been mentioned before (Lalo et al. 1993; Melnick and Sherman 1993) , and many more were reported in the 'Yeast genome directory' (Mewes et al. 1997) . However the present analysis was both comprehensive and more precise, with 55 pairs of sister blocks recognized and precisely mapped on the entire genome, a figure subsequently revised to a core of 52 pairs of blocks plus 32 additional candidates (Seoighe and Wolfe 1999) . Each sister block appeared to be extensively eroded by the loss of one or other of the original gene duplicate, leaving only a few intact pairs. These pairs, which altogether represent only about a tenth of all those initially postulated, were nevertheless sufficient to identify the blocks. They were later designated ohnologs to distinguish them from paralogs resulting from other modes of duplications (see below). The extent of post-duplication gene loss was so important that confirmation of the whole-genome duplication hypothesis had to await the sequencing of other non-duplicated yeasts of the same family, Lachancea waltii and Eremothecium gossypii, to reveal the dual synteny relationships along chromosomal segments, which are the most robust signatures of an ancient duplication (Kellis, Birren and Lander 2004; Dietrich et al. 2004) .
In line with the gene product-oriented view of genomes (above), attention was immediately drawn to the possible functional differentiation between members of each pair of ohnologs. Cases of subfunctionalization were described, illustrating the important role played by the genome duplication in the evolutionary emergence of S. cerevisiae, but the issue could not be globally settled before comparisons with other yeast species of the same family became possible, some of which had inherited the same duplication as S. cerevisiae and others not (see below). From these studies, it appeared that duplicated genes were essentially lost individually over time (Scannell et al. 2007) , raising an unsolved question about the possible deleterious effects of gene copy imbalance at intermediate stages. The pattern of gene loss seems to have changed over time after the duplication (Scannell and Wolfe 2008) . Shortly after the event, a high loss rate affected either copy of each pair with similar probabilities (estimated from the sequence of Vanderwaltozyma polyspora, suspected to have emerged at this time). Subsequently, when enough sequence divergence had accumulated between remaining copies, the loss rate was reduced and preferentially affected the more evolved copy. This pattern, deduced from the comparison between distinct post-duplication species, is the major argument in favor of the idea that the duplication was an autopolyploidization event rather than an allopolyploidization event as recently identified by several hybrids (see below).
The uniqueness of this whole-genome duplication-so far no similar event has been reported in other lineages of Saccharomycotina or Taphrinomycotina-is perhaps surprising given the numerical importance of polyploidization events in other eukaryotic lineages such as plants (Vanneste, Maere and de Peer 2014) . Among ascomycetous yeasts, the only other event of wholegenome duplication reported so far to my knowledge concerns the halotolerant black yeast Hortea werneckii belonging to the Pezizomycotina subphylum (Lenassi et al. 2013) . Furthermore, one must look at a basal group of fungi, the Zygomycota, to encounter another such event in the ancestry of the human pathogen Rhizopus oryzae (Ma et al. 2009 ).
ON THE TRACES OF ORIGINS: A BROAD EVOLUTIONARY RANGE
Another way to reinstate yeast genomic architectures in their evolutionary perspective is obviously to compare well-selected species. Back in 1997, conditions were, however, not appropriate for that. Not only were sequencing techniques still costly and highly laborious but, even more importantly, no reliable indication existed about yeast genome diversity on which a rational taxon sampling could be based. Beside the molecular biologists who used their beloved budding and fission yeasts for basic experiments (S. cerevisiae and Schizosaccharomyces pombe, respectively), people were primarily interested in other yeasts for possible applications relevant to their metabolic properties or their pathogenic character. Very few people considered yeast genomes as worthy objects to study for their own sakes.
In this context, the first, albeit limited, exploration of distinct yeast genomes opened up a novel era (Souciet et al. 2000) . Thirteen species of budding yeasts, chosen to sample different branches of the Saccharomycotina subphylum as known at this time, were randomly sequenced at low coverage to compare with S. cerevisiae and the available public databases. The result was an unprecedented collection of novel genes (>23 000 in total), with or without homologs in S. cerevisiae, which immediately revealed the power of comparative genomics to elucidate genome evolution, not a big surprise in itself. However, the surprise was that these yeasts covered a much broader evolutionary spectrum than anticipated, judged from the high sequence divergence between orthologous gene products and from the rapid loss of gene adjacency. It became clear that, despite their similar lifestyles and poorly informative morphological differences, budding yeasts were the products of long evolutionary processes whose reconstruction would require the sequencing of many more intermediate species-assuming they exist. Technical limitations in sequencing were still serious at this time, and it was not before 2004 that a sufficient collection of complete yeast genome sequences (nine in total) became available to examine their evolution by comparative genomics. Actually, most of these species had been chosen for other specific purposes: S. pombe, for being a major model organism (Wood et al. 2002) , Yarrowia lipolytica and Kluyveromyces lactis for their biotechnological interest , Candida albicans and Candida glabrata for their pathogenic properties (Jones et al. 2004; Dujon et al. 2004) . and E. gossypii for its ability to form filaments (Dietrich et al. 2004) . Only L. waltii (Kellis, Birren and Lander 2004) and Debaryomyces hansenii were primarily chosen to illustrate novel lineages and, actually, the latter was also included for its exceptional level of halotolerance.
This first set of yeasts brought important novelties on which basic concepts of yeast genomics continue to rely today (reviewed in Dujon 2005b Dujon , 2006 Dujon , 2010 Dujon , 2015 . Schizosaccharomyces pombe, a member of the Taphrinomycotina subphylum, is evolutionarily much too far apart from the eight other yeasts-all Saccharomycotina-to expect common traces in its genome. Indeed, the evolution of the Schizosaccharomyces genomes, with their near extinction of transposons, has only been recently addressed (Rhind et al. 2011) . Nevertheless, the original S. pombe sequence was interesting for, among other things, its normal number of spliceosomal introns for a eukaryote, as opposed to the very reduced numbers found in Saccharomycotina yeasts. The origin of the massive intron loss in the latter group needs to be further elucidated, but it was derermined that, solely within the Saccharomycetaceae family where this has been studied, the rate of intron loss exceeds that of intron gain by two orders of magnitude (Hooks, Deleneri and Griffiths-Jones 2014) . Initially, L. waltii, E. gossypii and C. albicans were each compared with S. cerevisiae only, the first two revealing the dual synteny that demonstrated the whole-genome duplication (see above). Multidimensional comparisons only became possible when the sequences of C. glabrata, K. lactis, D. hansenii and Y. lipolytica were obtained . This work revealed interesting aspects in terms of sequence divergence. Pairwise comparisons of predicted products from all 1:1 orthologs between any two yeast species generated mono-modal distributions, typical of homogenous populations. Variances were large, as expected from the different selective pressures acting on the different proteins, but means (or medians) could be used to estimate gross evolutionary distances between any two yeast genomes whose nucleotide sequences were not usable because of saturated mutational changes. In comparison, the pairwise comparisons between predicted products from paralogous genes within a given genome generated bi-modal distributions, typical of heterogeneous populations (see below). The high sequence divergence between yeasts illustrates their long evolutionary separations, even between members of the same genus. For example, up to 33% nucleotide divergence separates the two most distant Saccharomyces species, S. uvarum and S. cerevisiae, and 6% separates S. cerevisiae from S. paradoxus, its closest known relative; compared, for example, with the 1.8% separating man from the chimpanzee. Similarly, the Saccharomycetaceae family alone exceeds, in terms of amino acid sequence divergence, that covering all vertebrates (Dujon 2006) . Also, budding yeasts (the Saccharomycotina subphylum of Ascomycota) contain many other families. Furthermore, yeast species also exist in other fungal subdivisions. When discussing genome evolution in yeasts, we must, therefore, take this dimension into consideration. Except for very specific cases, yeast species are not closely related to one another, as is often erroneously stated in the literature.
CORE AND PAN GENOMES: THE BALANCE BETWEEN LOSS, GAIN AND CREATION OF GENES
Beside sequence divergence and loss of synteny, yeast genomes also differ from one another by the presence or absence of some protein-coding gene families. This is obviously not unique to them; all living lineages share the same phenomenon. However, the broad evolutionary spectrum of yeasts offers interesting cases to examine the mechanisms acting at various time scales. Within the Saccharomycetacea family (Souciet et al. 2009 ), within the CTG group (Butler et al. 2009) or within the 'methylotrophic' group (Ravin et al. 2013) , each of the three major genomic architectures presently identified among the Saccharomycotina (Dujon 2015) , core sets of protein families common to all members of each group could be identified. They generally represent about two-thirds or even less of the total number of protein families present in each species. The rest are composed of protein families only present in subsets of species, in various combinations, and sometimes in only one species, forming what is called species-specific genes or, if without a homolog in any organism, orphan genes. Defining their origin and function is a very challenging task. On a shorter evolutionary scale, the same phenomenon exists, only quantitatively reduced. For example, the three Eremothecium species sequenced so far differ from one another by the presence/absence of up to 77 genes (1-2% of the total) (Wendland and Walther 2011) . Similar figures apply for the Saccharomyces sensu stricto species (Libkind et al. 2011; Scannell et al. 2011; Liti et al. 2013) .
The frequent loss of genes from yeast genomes is consistent with the low frequency of essential genes in S. cerevisiae (above). However it must also be related to the preponderance of clonal propagation versus sexual reproduction in most lineages. In S. cerevisiae, the frequency of outcrossings has been estimated at an order of 10 −5 compared with mitotic divisions (Fay and Benavides 2005; Ruderfer et al. 2006) , and similar figures are now suggested for other yeasts (Tsai et al. 2008; Friedrich et al. 2015) . The losses may result from sequence alteration leading to pseudogenes (Lafontaine and Dujon 2010) or, more frequently, from the entire deletion of the corresponding DNA segment.
Comparisons between genomes of conserved synteny indicate the quantitative importance of the phenomenon, and show that genes are mostly lost individually. Interestingly, functionally coordinated genes tend to be lost in parallel, although dispersed in a genome (Hittinger et al. 2010) , and recurrent losses of the same gene(s) tend to occur in non-related lineages (Gabaldon et al. 2013) . Remarkably, gene loss may confer novel adaptive functions by alteration of regulatory networks, as observed in some pathogens (Gabaldon et al. 2013) . The limited range of protein-coding gene numbers in the different yeast species (∼4500-6000 for haploid equivalents) indicates that, at least on a long evolutionary scale, losses are compensated by equivalent numbers of gene gains. It is now clear that such gains result from the combination of several mechanisms, the most frequent being the duplications, but horizontal acquisitions (see below), capture from non-chromosomal sources and de novo gene creation were also described. In contrast to these last mechanisms, duplications do not expand protein family repertoires but generate families of paralogous genes. Next to the whole-genome duplication mentioned above that occurred in distant ancestry within the Saccharomycetaceae family, dispersed gene paralogs and tandem gene arrays have been observed in all yeast genomes sequenced so far, generating a universal redundancy (Butler et al. 2009; Souciet et al. 2009) . No yeast genome is minimal, and paralogous families of two members or more represent 30-45% of total gene numbers in each genome. The large segmental duplications, common to genomes of many eukaryotes including man, remain scarce in natural yeast genomes (if one ignores subtelomeric regions). These duplications, however, are easily obtained experimentally, indicating that the mechanisms for their formation are active in yeasts (Koszul et al. 2004; Schacherer et al. 2007; Araya et al. 2010; Payen et al. 2014) . In specific instances, massive amplifications forming macrotene chromosomes were also obtained (Thierry et al. 2015) .
The bi-or plurimodal distributions of sequence identity between paralogous gene products Souciet et al. 2009 ) reflect the heterogeneous origin of paralogs. Some correspond to very ancestral gene duplications, conserved across enormous numbers of successive generations; others are the result of more recent duplications that may or may not be conserved in subsequent generations. On an intermediate evolutionary range like the one exemplified by the first five protoploid species of the Saccharomycetaceae family studied a few years ago (Souciet et al. 2009 ), a little more than a hundred pairs (114) of dispersed paralogs were completely conserved for an average of 17 (9-22) multigene families specific to each species (total 84). About 40% (33) of the latter were made up of species-specific genes absent from the four other yeast species; the rest (51) correspond to genes present in single copies in the four other yeast species. The remaining genes families were not or were only partially conserved between species, and some showed significant expansions (or contractions) of gene number. These figures give us an estimate of the kinetics of evolution of paralogous gene families, within a homogeneous group of yeast genomes with conserved architecture, that can usefully be related to other parameters such as sequence divergence and loss of synteny to better define evolutionary clocks (Rolland and Dujon 2011) . The overall dynamic equilibrium that appears to emerge over evolutionary times from the interplay between gene loss and duplications explains the fourth important surprise of the original S. cerevisiae sequence, the excess of genes predicted from the sequence compared with those identified from the genetic screens based on functions. Tandem gene arrays showed even faster kinetics of change. In the same five protoploid Saccharomycetaceae species, only eight arrays were entirely conserved compared with an average of 13 (9-16) arrays specific to each species (total 63), and 32 others showing partial conservation. In each conserved array, the number of gene copies rapidly varied between the yeast species, as it does within a single species in agreement with the idea of rapid adaptive changes (Müller et al. 2009 ), as experimentally demonstrated, for example, in the case of hexose transporters (Brown, Todd and Rosenzweig 1998) .
Beside duplications, novel genes in yeast chromosomes can also originate from the capture of non-chromosomal elements of the same cell. For example, several yeast species of the CTG clade contain a capsid protein gene originating from doublestranded RNA viruses (Taylor and Bruenn 2009) , and numerous sequences of mitochondrial (NUMT), plasmid or viral (NU-PAV) origins are recognizable in most yeast chromosomes (Sacerdot et al. 2008; Frank and Wolfe 2009 ). However, it is the de novo creation of genes that probably represents the most important source of innovation, explaining in part the origin of orphan genes (Tautz and Domazet-Loso 2011) . This mechanism has long been regarded as extremely unlikely if not totally impossible because the mutational transformation of a random sequence into a meaningful sequence has an infinitely low probability (Tautz 2014) . However, random nucleotide sequences do not exist. In every extant genome or RNA molecule, sequences are copies of pre-existing ones bearing the traces of all historical events, superimposed upon functional constraints. As a result, all nucleotide sequences, coding or not, show significant deviations from randomness, as easily monitored by, for example, dinucleotide frequencies (Dujon et al. 1994) . Genomes, therefore, offer plenty of raw materials out of which novel genes may easily emerge. A first mechanism is exon-shuffling, i.e. the reassembly of pre-existing exons through RNA intermediates (Gilbert, de Souza and Long 1997) , an active mechanism in S. cerevisiae (Schacherer et al. 2004 ) but unlikely to play a major role in the evolution of Saccharomycotina yeasts given the paucity of introns and the inconstant presence of class I mobile elements in their genomes (Bleykasten-Grosshans and Neuvéglise 2011; Neuvéglise, Marck and Gaillardin 2011; Hooks, Deleneri and Griffiths-Jones 2014) . Translation into a 3 -untranslated region (UTR) after mutational shifting of stop codons is another mechanism used by yeasts to extend protein domains (Giacomelli, Hancock and Masel 2006) . However, more generally, the widespread translation of non-genic sequences observed by ribosome footprinting is consistent with the idea of a reservoir of protogenes, i.e. non-conserved short sequences susceptible to generating new active genes after selection of only a limited number of point mutations (Carvunis et al. 2012) . The S. cerevisiae genome was estimated to harbor ∼1900 such protogenes, a figure to be compared with its only 5800 actual proteincoding genes annotated. The reservoir is large. Actual examples supporting this hypothesis remain limited in number so far, but two demonstrable cases of de novo gene creation in S. cerevisiae are worth mentioning: the BSC4 gene encoding a DNA repair enzyme (Cai et al. 2008) ; and the MDF1 gene encoding a pleiotropic protein regulating glucose assimilation and the budding pathway (Li et al. 2014) . The latter case is interesting because the new gene extensively studied in S. cerevisiae has been created on the opposite strand of ADF1, a gene that for long was considered as its antisense regulator before it was discovered to be the evolutionarily conserved ancestral gene (Li et al. 2010) .
HORIZONTAL GENE ACQUISITIONS, INTROGRESSIONS AND RETICULATE EVOLUTION
Finally, the classical idea of genomes originating from clear, treelike phylogenies is also being challenged by the most recent data from yeasts. Horizontal gene transfer has now been recognized as an important source of innovation in many organisms, and yeasts do not escape the phenomenon. Numerous examples of genes from bacterial origin (as judged from molecular phylogenies) have been found in yeast genomes, most of which correspond to basic metabolic functions. Almost every yeast species sequenced so far has at least one gene of bacterial origin, and very often several. The most spectacular example, perhaps, is the URA1 gene in the Saccharomycetaceae family (Gojković et al. 2004) . Probably acquired from a Lactococcus-like bacterium in a common ancestor of this family, it encodes a dihydro-orotate dehydrogenase active under anaerobic conditions in contrast to the ancestral mitochondrial enzyme encoded by URA9. This horizontal transfer is thus one of the evolutionary steps that enabled Saccharomyces species to propagate anaerobically, facilitating alcoholic fermentations. The mechanism of DNA transfer from bacteria to yeasts has not yet been elucidated, but it is probably facilitated by the ecological proximity between the organisms. In addition to single genes, large chromosomal segments of alien origin were also found in yeast genomes (for a review, see Morales and Dujon 2012 ). An interesting example is provided by the acquisition of a 17 kb long segment of Zygosaccharomyces baillii inserted in several copies in the genomes of S. cerevisiae wine strains, with circular permutations (Galeote et al. 2011) . Another example of considerable functional importance is the acquisition of a cluster of nitrate-assimilating genes of plant or fungal origin in several members of the 'methylotrophic' group of Saccharomycotina (Morales et al. 2013) . These yeasts assimilate nitrate. Again, the mechanism at the origin of such large introgressions is not yet understood, but it must involve close contact, or perhaps temporary fusion, between cells. Such events are probably rare, but the functional advantages provided by horizontal acquisitions may be so strong that the novel lineages of natural genetically modified organisms rapidly replace the original populations.
Stable cellular fusions, on the other hand, are clearly at the origin of the many hybrid genomes now recognized in yeasts. For a long time regarded as evolutionary dead-ends due to a lack of meiotic fertility, interspecies hybrids are so numerous in yeasts that they must play a significant role (for a review, see Morales and Dujon 2012) . The phenomenon was suspected long ago for the major brewing strain, Saccharomyces pastorianus (previously called S. carlbergensis), and it has recently been completely characterized by full genome sequences. Beside the natural hybridizations between S. cerevisiae and S. eubayanus that generated the various strains of S. pastorianus used in the beer industry (Nakao et al. 2009; Walther et al. 2014) , numerous other hybrid genomes have recently been recognized in wine yeasts (Erny et al. 2012; Peris et al. 2012) , but also in other distant branches of Saccharomycotina not directly used in industrial fermentations such as Zygosaccharomyces rouxii (Gordon and Wolfe 2008) , Millerozyma sorbitophila (Leh- Louis et al. 2012) and Candida orthopsilosis (Pryszcz et al. 2014) , or only occurring as contaminants such as Zygosaccharomyces bailii (Mira et al. 2014) or Dekkera bruxellensis (Curtin et al. 2012; Borneman et al. 2014) . Hybrid genomes were also mentioned in the totally distinct group of Cryptococcus yeasts belonging to the Basidiomycota phylum (Boekhout et al. 2001; Cogliati et al. 2006; Li et al. 2012) where hybridization seems to be related to virulence (Bovers et al. 2008) . The phenomenon of interspecies hybridization appears so universal that even a type strain such as Saccharomyces bayanus was recently recognized as being a complex interspecies hybrid (Libkind et al. 2011; Nguyen et al. 2011) . The genetic make-up of hybrid genomes is extremely variable depending on the ploidy of parents and on the post-hybridization events. Cases of hybridizations between two haploid parents, two diploid parents or one of each type have been reported. Triple species hybridization was also encountered. Numerous examples of aneuploidy or partial chromosome loss are observed.
The sequence of the recently isolated osmotolerant yeast Millerozyma sorbitophila was particularly informative because this genome exhibits seven conserved pairs of chromosomes (suggesting recent hybridization between two haploid parents), entirely co-linear (except for a single reciprocal translocation), but in the process of resolution by a loss-of-heterozygosity mechanism (Leh- Louis et al. 2012) . The two parents are members of the CTG clade differing from each other by 12-15% nucleotide sequence divergence, as judged from the chromosome pairs not yet affected by the loss of heterozygosity (∼56% of the genome). One parent is very close (but not identical) to a known strain of Millerozyma farinose; the other is unknown. In the hybrid, some pairs of chromosomes have already been entirely or partially converted to homozygous copies of one or the other parent (with a bias), forming a chimeric genome of two origins with, interestingly, the ribosomal DNA cluster and the mitochondrial DNA each inherited from a single parent (not the same), and a global level of single gene loss reaching 3.5% (as judged from the differential loss of protein-coding genes in still heterozygous regions). To what extent these processes are driven by functional selection or occur at random remains to be studied. Demonstrated cases of Dobzhansky-Müller incompatibilities are rare in yeasts, and other yeast hybrids, albeit often less precisely described, share similar figures (Morales and Dujon 2012) . Thus, it is not excluded that, after complete resolution, hybrid genomes of multiple ancestry propagate indefinitely, forming novel species. Recent results on Lachancea kluyveri, a protoploid species of Saccharomycetaceae carrying a conserved 1 Mb GC-rich introgression from its ancestor, support this idea (Friedrich et al. 2015) . In the absence of such an easily detectable trait, however, it is possible that many more cases of multiple ancestries exist in yeast genomes that have so far escaped our attention. More sequencing will be needed to estimate the actual degree of reticulation in yeast genome evolution.
EPILOGUE
In writing this recollection, I was obviously biased by my own scientific interest. My colleagues, who also were at the origin of yeast genomics, may emphasize different viewpoints. However, they will certainly reach the same general conclusion: the progress in genomics since the sequencing of S. cerevisiae is amazing, both technically and conceptually. Obviously, yeasts were not alone in this two-decade long endeavor, but they contributed their share, and perhaps even more. Our understanding about genomes has reached frontiers not even imagined 20 years ago, and the relationship with phenotypes is now based on entirely new concepts in which RNA molecules, metastable equilibria, trans-generational influence and the tuning of biological noise play increasing roles. It should also not be forgotten that genomes can be edited or even entirely resynthesized at will, only imitating what nature is silently doing. We are probably still at the very beginning of a long journey with outstanding promises. Technologies and computer science, in their continuing progress, will probably open the gates of as yet unexplored biological dimensions for their own benefit as well. In 1996, following the excitement created by the completion of the S. cerevisiae genome sequence (Goffeau et al. 1996) , I wrote: 'The time will come when students in biology will have difficulty in imagining that, in the obscure past, there were organisms not yet fully sequenced.' (Dujon 1996) . For the yeasts, we are almost there. In 20 years from now, students in biology may have difficulty in imagining that, in the obscure past, all individual sequences of every cell of any organism were not immediately fully understood.
